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SUMMARY

7 An experimental test program was undertaken in support
of a study by Dr. Joseph V. Foa of The George Washington
University. The study concerns the feasibility of
utilizing a nonsteady energy separation device to provide
conditioned air for aircraft environmental control systems.
The results of a theoretical analysis by Dr. Foa indicate
that such a device with sufficient cooling capacity for
modern military jet aircraft would be much smaller and
lighter than the conventi4.onal heat exchanger and refriger-
ation turbine. In crder to verify this theory, a model
was fabricated and a test program initijted to optimize

its configuration. Although the program has not been

completed, significant improvements in performance have
been achieved by prerotdting the inlet air flow and by
increasing the portion of the inlet air which is cooled.
The device, as presently configured, will provide 10.3
tons of refrigeration pe•. cubic foot of device volume when
operating with a 30 psig inlet pressure, which compares
favorably with tLe capacity to volume ratio of current jet
aircraft.

Due .to the wide operating pressure range. in aircraft
Jenvironmental control systems, a concurrent series of

tests was also conducted to determine the effect of
various back pressures on the pertformance of the device.

. The results of these tests reveal that the effect of back
Sloading is significant, howcier, it is anticipated that

with a proper control system and an improved rotor desigll.
the per.ormanca requirements dictated by'particular
aprlications can be met.

It is felt that although the current study has verified exper-
imentally that certain design modifications are efficacious,
further improvement in. th performance of existing models
is pos',ible.. Specifically, by increasing rotor exit area,,
improving nozzle design, and utilizing precision machining
techniques,.a. two- to. three-fold increase in refrigeration
capacity for the same size device should be possible.
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INTRODUCTION

In military aircraft environmental control systems, cooling

air is drawn from two locations -- from the atmosphere as ram air,

and from the engine compressor as bleed air. Ram air is used

d± Ictly to cool unpressurized areas housing electronics and

armaments, but pressurized areas such as the cabin must be

supplied by higher pressure bleed air. Because it is hot (up to

5 900 F) as it leaves the engine, bleed air must first be cooled by

passing it through a heat exchanger and a refrigeration turbine.

In order to provide an adequate heat sink, many aircraft use

S he�t exchangers weighing hundreds of pounds and taking up many

cubic feet of space. Furthermore, at high flight Mach numbers,

the stagnationtemperature of. ram air becomes so -high -that even

these large heat exchangers are inadequate. Problems have also

.arisen with the expansion turbines used for rofrigeration. In

late model aircraft, .these devices have rotational speeds of

.70,000 to 0,0000rpm, and a result, have. a. vr low Mean Ti,,

D•eta.:en Failure (e.g., .500 -hours. in. the latest attack bowiber),

The cooling noods of botlh subsonic and .supersonic aircraft must,.

. herefore, rely on fracjile and increasingly larger equipment.

SAn alternative, to the current equipment is the Foa Energy

Separator W(ES). Tis device essontially provides its otno

hleat:sink by separating input air into two streamst removing

"energy. in the form of heat from one stream and :adding it to the

< other. Thus, both hlot and cold :output flows .mmerge, and because

the process is isontropic, highý efficien!ies are possible. T.he

5 . .principal advantages of. the FES over current systenm include a

.significant reduction in weight and volume through. the .limination

Sof. heeat exchangers, and an increased Mean Time Uetween Vailuro by

.7a.



r i the replacement of the expansion turbines.

To investigate these advantages, the Naval Air Systems

Command has contracted with T1he George Washington University to:

1. theoretically analyze the various FES configurations;

2. predict size and weight reductions possible for a
specific aircraft;

3. predict heat sink substitute capacity; and

4..... evaluate the actual .perforrance of model energy
separators, including a variable geometry device
fabrivated spcoifically for this purrse,

• This report details- the work performed by Colunbia Research

Corporation (CRC) (in accordance with itemu 4 above) under a sub-

contract to The GeorgeWashington University. Tests were con-
ducted on a single rotor energy separator with fixedgeometry

and a double rotor energy soparator with interchangeable collectors

and center sections. The latter device is referred to as the

."variable goometry model". Toest tesults are presented in graphlic

. form and evaluated to reveal preferred P'ES. geoeietcy. Fabrication

and test procedures are also :outlined..

[..i *] '. :. . .
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ENERGY SEPARATOR OPERATION

V The principles of operation of the energy separator cart beexplained with reference to Figure 1.3 Consider a jet issuing from

fa nozzle inclined at an angle to the horizontal. The jet
impinges on a wall and splits into two streams designated in the
figure as h and ic'. Due 'o the inclination of the jet, the

streams do not divide equally, but the majority o! the flow is
diverted to the 'e' side, This is a stead- flow condition, andLIassuming negligible viscous losses, the temperatures of the twoT, streams are equal to tlie temperature of the main jet.. If the-jet
and wall .are suddenly set .n motion at a velocity, V, in the

•lk:"i "direction shown in Figure 1, then this velocity -ust be added
"vectorially. to -the stream flow velocities. U. and Uh, wih the

.g., result that the velocity of stream 'W is increased and the velo-
"city of stream 'c' is der0a.sed.

~ •In offect, what hats occurred in this process is a trasfer. of

energy. in the f rj tf flow velocity from strea•w 'c' to stream 'h'Iwitho~ut any. xternal wor) being done. If the: setreams are brought
to rest in separate eh-abers, th-eir kinetic, energies, due to the flowI velocities, will be convert( to internal, onery. The ris: o int the 'h' stream initernal energy' is greater than the rise in the .'c'

. stream internal energy since the 'I' flow velocity is great.e-, than
the Ic' flow v0locity. Temperature is .related directly to the..
internal energy of the gas, and therefoore, each chamber will be at

: on tht? 'c' Side wi'A 1-e lower than.the inlet temperature, and .t1a

temperature on the 'IhI' side will be higher. The magnitude of thr
. temperature changes is a function of the mass flow rates of the: .streoam, with the 'h' stream temperature rise.being greater than the

.*a' stream temporaturq drop duo to the lower flow on the 'h' side.

3:11
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The physical phenomenon which causes energy separation

•2 ; 5occurs at the stagnation streamsurface between the two flows,

designated 's' in Figure 1. The pressure forces acting at

this interface are in motion When the system is in motion, and

therefore positive work is being done by the 'c' stream and

negative work is being done by the 'h' stream. Thus, energy is

• transferred from 'c' to '1'.

k- Several energy separator configurations have been developed.RE, These are classified as either external or internal separation

& •devices, depending upon where the stream separates relative to

k I• the jet driver. In external separation, as depicted in Figure 2

A" (from Ref. 1), the radially flowing jet is separated into hnigh-and

5Vi: L low temperature streams external to a driving rotor. This is

similar to the arrangement shown in Figure 1, except that the

motion is rotational rather than translational. In internal

separation, as shown in Figure 3 (from Ref. 1), the streams
are separated within a rotor by means of opposing sets of nozzles

located in different axial rotor planes. One set of nozzles

has larger throat areas and, consequently, the rotor rotates

opposite to the direction of these issuing jets, thereby pro-

ducing the motion required for energy separation.

...... .Each flow separation configuration offers certain advantages

and disadv;intages. Phe external energy separator, for example,

is the easiest to fabricate; however, the collection losses and
sensitivity to back pressure variato.ons may reduce the efficiency of

tii- device.. On the other hand, the internal enerqy separator is

2.e!. 5 sensitive to back pressure variatiuns, and collection losses

can be reduced Dy proper design o the outlet chambers; however,

.. rotor construction is more difficult due to the requirement for

M -13.W ,
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precisely shaped nozzles to reduce the eaitrayice losses.

Any determination of V-hich configuration is best for aircraft
applications must be prefaced by a detailed study of each. The

present study is concerned only with the internal energy separator

primarily because of the availability of two rotors, and is not

an indication of any a priori preference for this configuration.

TV
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SINGLE ROTOR INTERNAL ENERGY SEPARATOR

Inihroduction

Preliminary to the fabrication of a variable geometry internal

energy separator, a fixed geometry model was tested to assess the

importance of various design factors and, in general, to gain a

w3rking knowledge of the energy sepa:rator concept. The device

"used for this study was originally designed and fabricated at

Rensselaer Polytechnic Institute (RPI) for a previous test
4I program-

The RPI model has a single rotor which is supported by a

cantilevered shaft. Air is supplied to the rotor along the axis

of rotation on týe side opposite the shaft. The air issues from4 a pipe and expands into the rotor cavity. The rotor is composed

of the cavity and two sets of nozzles, each directed so as to

S I produce rocation of the rv or in opposite directions. There are

two nozzles in each set. (Tne set has throat areas larger thpn the1 I other, and consequently tie jetj issuing from these nozzles have

a larger angular momenturm. It is this set that determines the

rotational direction. The nozzle sets are separated axially along

the rotor and the fiows issuing fzor them are prevented from mixing

by the collector housing. For the redsons described previously

in the section on energy seoarator operation, the temperatures

I of the air discharged frcm each sct of nozzles 3reetiferent; in

particular, the driving nozzle set aischarge air temperature is

lowe•• than the inlet temperatu1re an" the driven nozzle set discbarge

air temperature is higher t1'an .he inlet temperature.

Unforctunately, the RPI model was delivered to Columbia Research

Corporation (CRC) in damaged condition, nocessitatinr repairs to

-14-



the collector housing, base plate, and rotor. The collector

[ housing was completely destroyed, requiring the fabrication of a

new housing. This was particularly difficult because there were

no detail drawings of the device, and dimensions had to be deter-

mined directly from the damaged piece. The base plate was bent

slightly, which prevented the alignment of the rotor and the

collector housing; therefore, a new plate had to be fabricated

before proper alignment was achieved. Finally, the rotor had to

be cylindrically ground to remove scored areas on the periphery.

The repaired model is shown in Figure 4 (see Ref. 4 fnr comparison

with original RPI model).

Even after the model was repaired, however, its performance was
significantly less than in earlier tests at RPI with the original

model.1 The rotational spoeds were considerably lower than anticipated,

ldue primarily to a defective bearing which greatly increased

restraining torque on the rotor. It was, therefore, decided to

redesign the bearing housing and replace the bearings. The new

bearing housing attacheL. directly to the collector housing,

eliminating the rotor-collector alignment problems and allowing

the convenient insertion and removal of the rotor. With the new

Sbearing arrangement, rotational speeds abcve 50,000 revolutions

per minute were obtained. At these high speeds, however, a

slight asymmetry in the rotor caused large amplitude vibrations,

necessitating dynamic balancing of the rotor. These modifications
Y significantly improved the performance of the model.

Model CohetructLion

I An assembly drawing of the energy separator is shown in

Figure 5 The base is fabricated from 1-inch thick steel.

I plate milled flat to allow the proper alignment of the inlet pipe

and the rotor cavity. The inlet pipe is standard 3/4-inoh diameter

Sgalvanized steel with two instrumentation taps; one for an inlet'

.- i
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static pressure probet and the other for an inlet temperature thermo-

couple. The pipe is modii ed somewhat by the insertion of a

I slight constriction at the exit plane, which reduces the flow loss

as the air jet expands in the free space between the pipe and the
U [ rotor cavity inlet. This design feature, a part of the origi-

hal RPI model, has been found to be very effective and,in fact, at

V ± certain inlet pressures, the air jet actually aspirates ambient air

into the rotor cavity. However, to reduce flow losses at all inlet

L presstres, the clearance between the pipe and the rotor is kept

to 0.010 inches by adjusting a clamp on the pipe support. To

insure that the rotor is not scored by an accidental jarring of

the device during operation, the end of the pipe is coated with a

Stough epoxy coating powder, manufactured by Armstrong Products

r Company,. which acts as a buffer to prevent direct contact of the

metal parts.

The collector lhousing is Labrie.tod in three sections. The

two outer pieces are ma-de of alum.inunt and contain the annular flowOp. collection s3!pacoess the middle piece, made• cf nylon reinforced

phenolic• prevents Uhe ixing of the air issuing from the two sets

of rotor nozzles. In addition to acting as a physic4l barrier

between the flows,, the Aihnolic center se•tion is- also a thej.rlm.a1

I insulattr, prove-nting the transfer of heat t•rma.the hot side
collector to the cold side collectov.. 'Me collector has thomo-

[ couple tapo near each exit to allow measuuremont of rotorW nozzle

exit temperatures.

The rotor fits into the collector housing so that the

notzles are aligned within their appropriate collectors with a

clearance between the rotor nutoido diamoter and the housing

internal diameter of 0.010 inches. A sandwich coistruction is

used for the rotor with the nozzles consisting of alwniutum plates

Ike18



bounded by three stainless steel plates. The front plate

1P contains the rotor cavity inlet port; the middle plate, a large

annular cut-out forming the rotor cavity; and the end plate, a

slightly undersized shafting hole. The shaft was secured to the

end plate by heating the area around the undersized shafting hole

until itexpanded sufficiently to allow the insertion of the shaft.

After cooling, the shaft and plate were permanently bonded
together. The entire rotor wan, assembled with alignment screws

and 'trued' between centers on a cylindrical grinder. The rotor

was they. dynamically balanced to within the accuracy dictated by

*the bearing tolerances.

The- bearing housing is onstructed entirely of stainless

stool- and at,.aehes directly. -to the collector housing by me1ans of

fie olts. TQo1 identical shielded deep groovo radial ball bear-
i with rated otationai speedsof 48,000 rpm a ineluded within

the ýassembly. 1%.e. r4al~a play -of theos h~oarinqs 0..0002 to 0.0004

Inches, is the lihmiting factor i-. rotor balance m-entioned previously, -

T$.~.'o: facil itate rawovnl of the rotor frmthe housA.~ngj the -bearing

Ubror is svized -to allow ýa 0.0001- to 0. 0003-inch clearance fit.

betwe n the boain d the. rotor shaft.

Thepre*viously described modif ications to this modelI ulloiWOod

istestinq to rotational spoo.a limited onily by the rated beurinig

speed. Operation above the 48,000 rpma is Possible: only, however,

with a significant sacrifice in beari•g oporating life. The uiodifiod

devc is ebon inh Figure. 6.

Thstin of the single rotor internal ener-gy, separator waa aor-..

ducted primarily for the purpcse of evaluating the var ious deaign 9rodi-

£fications, since its conmtruccion Oid not allow for the investigation
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of the effects of changes in device geometry and back loading. As
•i changes were made, the device was tested to determine the corres-

j ponding improvement in performance. Primary consideration in this

regard was given to the increase in rotational sreed of the rotor

[• at a given inlet pressure, since it was known from theory that the

higher the peripheral velocity of the rotor, the greater the

_-L.energy separation. The improvement in performance was particularly

significant after installation of the new bearing housing, when

- the rotational speed at 45 psig inlet pressure increased from

23,400 rpm with the old housing to 48,420 rpm with the new, and

the output temperature difference increased from 88°F to 133°F.

I Results of a-test on the device in its final configuration

Srhave been tabulated in Table 1. All temperatures were me: 'mred
with iron-constantan thermocouples and dLaplayed on a Model 1602

Ai• • Comack Thermometer The thermocouples were mounted at the inlet

and outlets of the device as noted on the assembly drawing (Figure

5).. Ine rotational- speeds were measured with a ýXodel 510-AL

S. t Sticht Stroboscope and were an average of several readings, since
.-- .the condensation of moisture within the device could cause speed

'fluctuations of .500 rpmi.

* .•In genel, it can be said that the xodesignmd device performed

t .well mechalni•ally, although the energy separation obtained was less

than in. erlior tests at RIPI with the original model. Furtther

itiprovements to the device, such as decreasing clearance between

the rotor and. the collector housing to reduce mixing between the

outlet flows, increasing the shaft diameter to prevent slippage, and
improving nozzle entrance geometry would have 'ndoubtodly increased

i 5 • the device efficiency. Th•se deficiencies were not corrected,

boweveri since kutowledqo of these defects could be applied to the

\ Idesign of the variable geometry model.
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VARIABLE GEOMETRY ENERGY SEPARATOR

Using preliminary data from single rotor energy separator

F tests, the design of a variable geometry FES was undertaken. The

devicu was constructed so as to permit changes in three para-

meters; back pressure, area ratio, and prerotation. BacK pressure,

defined as the pressure seen at the output face of the rotor, can

be expected to vary in operational devices due to fluctuating

demands for heated or refrigerated air downstream. During testing,

however, the back pressures in both exit chambers were kept equal.

Unlike back pressure, area ratio and prerotation should not change

I during operation, but are design variables whose effects must be

understood to maximize energy separator performaace. In internal

Sseparation devices, area ratio determines the percentage of flow

to each side and ultimately the overall performance of the device.S Prerotation is defined as an angular velocity in the direction of

rotor move1ent imparted to the incoming air. Its proper use will

enh-iance performanco of an energy separator in any configuration.

An examination of the individual and collective effects on inte.nal

Senergy separator performance of the-se three vaziables is the

objct of this portion of the study,

4Modo)l C~oi,, truction

I Rather than d•sigqn a covipletely new internal noergy separator,

it was decided to incorporate features into an existing model wich

wouild allow the interchange of several components. A dual rotor device,

designated Modl 14.1, was made available by the principle investigator.,

+i 3and the initial effort was cantered, around modifying it for

use in the program. In its original state, Mndel III used two rotors

Smounted about 2½ incheu1 auart on a short shaft (Fig. 7). One rotor

contained four cold flow nozzles with a cottbined area of .336

5 square inches. The other contained four hot flow nozzles with a

23
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Scomb ined area of .194 -ire inches. The rotors, supported on ball

bearings mounted betweei thei:a, turned thin a ýyiindrical housing.

S[A thick pedestal connected. the -uter casing and the bearing hous-

ing. In this manner, a smal1 clearance could be maintained
S1between the rotors and their casing. Compressed air introduced

between the rotors passed through the nozzles and was vented

axially. Because the outlet flow was unobstructed, there was a

substantial noise reduction over the single rotor model, but the central

bearing support seriously disturbed the incoming air and detracted

from performance of the hioel.

In order to provide a smooth entrance flow, it was suggested

that the supporting pillar bo repl aced with a spiral fence (Fig. 8).

As entering air stri1ck the bearing housing, it would split into

Stwo flows. The apiral fence world then keep the flows sep..._ted

and cause them o acquire an angular veloctLy (prerotation) as

they tu.kned about the beŽ'2ing housing and entered the rotors.

Vir•rina the 1'CL and diLection of the fence would permit variations

in the degree and sense of the prerotation. It was necessary,

however, to design a fence rigid enotgh to replace the supporting

Spillai.

Due to the close rotor clearances required for optimum per-

forxmance, only minute deflections of the rotors Pcould be allowed.

A stress analysis performed for the existing Model III has shown

that the attacbment to the outer casing must be. exceedingly -icjd.

This would require considerable precision machining and alignment.

Anticipated problems in producing such a support led to firther

modification of the design.

- 25 -
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It was noted that moving the bearings from the center to the

ends of the shaft would eliminate all structural loads on the

spiral sections. Simpler production and attachment methods were

then devised, permitting use of several different prerotations

in the test program at reasonable cost. End bearings, however,

would interfere with the exit flow unless collectors were added

to turn the air as it -eft the rotors and vent it radially.

The collectors were designed in three layers, as shown in
I UFigure 9. The outer parts (one on each end) formed the backs of

the collectors and contained the bearings. The middle sections

contained collection channels of increasing radii, terminating

in vents. The inner sections formed the fronts of the collectors,

and when welded to the cylindrical outer casing, served to locate1 the other two. Usingthis construction, the outer sections, with

their closely machined bearing mounts, cou3 be left unchanged,

while different middle sections could be installed to alter back

pressure or other collection effects.

These changes in the Mddel III design, necessary to produce

a variable geometry energy separator, required reconstruction of
the device except for the rotor. Relocation of the bearings necessi-

tated construction of a new shaft and outer casing. The hot side

rotor was pressed onto the shaft, but the cold side was keyed and

held on with a cap and screw to permit its removal and facilitate

changes in prerotation geometry. After early testing, it was also

necessary to install a cap and screw to secure the hot side rotor,

which tended to slip at high rotational speeds. Before installation,

the rotor-shaft assembly was dynamically balanced. The new

outer casi:, was made to allow for the reduced distance between

I
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rotors, to accept an aircraft type V-band inlet fitting, and to

permit attachment of t'he end plate collectors. The final con-

figuration is shown in Figure 10.

Middle section collector plates with four different geometries

were constructed for each side. The effects, however, were not

found to be sufficiently repeatable for use in the test program.

[ A single collector geometry for each side was therefore selected,

providing 2.50 square inches of vent area to the cold side, and

[.375 square inches of vent area to the hot side. Ducting was mated

to the collector vents and valves installed to restrict the outlet
flow as required to change the back pressures. This arrangement

provided fully repeatable data points without requiring disassembly

of the device.

In order to determine the effect of different nozzle area

ratios, it was proposed that the hot side nozzles be partially

blocked. Reducing the area of all four nozzles would have reduced.

the nozzle efficiencies and necessitated rebalancing of the rotors.

It was diecided, however, to use only two area ratios, one with all

four hot nozzles open, and one with two nozzles totally blocked

and two open. This was accomplished by filling two nozzles -180°

Sapart with equal amounts of epoxy. The result was a new area

ratio without any major effect on the rotor balance.

Wast Program

The two area ratio configurations were used in the test

program in each of three prerotation modes. One provided no

prerotationt another provided positive (i.e., in the direction

of rotor movement) prerotation to the cold side and negative

(i.e., opposite to rotor movement') prerotation to the hot.side;

and the third provided negative prerotation to the cold side and

-29
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positive to the hot. Each of these six configuratio4 s was tested

ata series of inlet pressures (2, 5, 10, 20, 30, and 40 psig)

and with the back pressure varied between 0% and 50% of the inlet'
pressure. The back pressures at the hot and cold exits were

varied simultaneously. Between 12 and 16 pressure combinations

Cwere investigated for each configuration, with two or three sets

of measurements at each point. The measurements taken included

pressures, toMperatures., rotor speed, and flow rates. Pressure

readings included both inlet and outlet (i.e., back pressure).-on

each side, and were taken with Bourdon tube gauges. Temperatures

Swere measured with iron-constantan thetiocouples and read o- a.-

Comark Thermometer and on Omega millivolt meters.' Five locations....

were. monitored, including inlet, and two points each on the hot.

and cold aides. Flow rates were measure at the inlet .b.eans .

o:C an Annu•bar. 700 .series flow metor. Tables of data taken"" a•r

presented as AppendixI.-

""During th.t course 0f the toot prog.anM, tbo, effects ofback
pressurle,. prerotation, .and. area ratio- Wiere .wwned in .ovel.y ""

possible combination. In no-instance Was ian-interrelated a o.

-td. Zxaminitig the tbre~e indilviduafly* back pressure (equ. 4
ao ~b ult) ein be -said to bhWVP ino Off* en e itbe Iota-

both oule ea .o t

. tio.al -speed ok to*peratuie dif f ,a.r"tial,- p;!ovjd1d that- the inlet..

pr-essure is modified to provide a con-stant -rassure ratio.. Both

area ratio and prrotation, however, have significant eff"ects n

these parameters.

Ey r•ducing the area ratio, the percentage of inlet air

5 expollod ft.= the cold nozzles (cold fraction) is ioeased., .4s

a .result, m.we power is availabl• to spin the eroor, resultitog in

£ high raotor vlocities Wod -groater tezperaturo difforenatýi'1'.

*1*I PM



Also, because the energy removed from cold side must be absorbed
by a. smaller mass hot air, the hot side temperature in-.
creases dramatically. This effect mmay be noted by comparing the
graphs in Figure 11 with those in Figure 12. The area ratio .577
results in a nominal cold fraction of .63. Reducing the area

ratio to .289 increased the nominal cold fraction to .77,. resulting,
'i I in nearly doubled .rotor speed and temperature differential. 'At agiven rotor speed, however,-the total temperature differential-is

about the same (Figure 13), being slightly greater on the hot side

ii r and slightly less on the reold side for the smaller area ratio.-
T"he penalty paid for groaterw energy transfer, therefore,- is an

increase in' rotor speed and corresponwing structural difficulties.

'Unlike .modifying area ratio, pooviding proper prerotation can

i increase teiperature differentials without increasing rotational'
speed. .Comparing Figure- ila and 12a with-!iband i2h, respectively,

•S p shows that, 4at -a given pres.s;.ure ratio, -positive pre-rotation to tho.e
cold side and ngativeprerotation to the hot sie inc,'oasc en.r""

t-ansfer iificantly. Figurcl, 11C and 12c• show that revo.rSi.. g th.. .. prerottzion poduces a lesser energy-.transfer-. The incr-sedtteflp-:

'j j "o•rature differential withpositive prerotation occurs despito a
• rt.zction .in r.t•or-speed, a. sho-n in igure 14M Graham .uggets-

that prorotation m~ay slightly alter the Cold fr action and, thus,
tie.. pwor available to the rotor. Fortunatlo.y, the actual change.
in temperature difterortil caused byprertotation is quite larg
a.a given rotational speed (s ee F'igure 15), and appate~ntlIy- over-

shadows the reduction in .rotor speed at a given prossure ratio.

I32
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1Comparison wth_ Theory
"Th- effect of prerotation was suggested by a theoretical

investigation of the energy separation phenomenon. In general,

theoretical predictions of energy separator performance have been

made by establishing a baseline of performance, neglecting bearing

friction, prerotation, etc. The effects of these factors were
IF then- shown as a modificatior4 of besline performance. Such relation-

Fships are graphed in the Foa study . Specifically for Model III,
graphs of thieoretical baseline performance were available from

previous work, showing the actual temperature differential and

rotor speed expected for a given inlet/outlet pressure raaio.

SIn Figure 16, the theoretical temperature increase and

decrease are shown versus pressure ratio for the no-prerotation,

0.577 area- ratio cotfigura.t:cn . A nutber of experimental data

points aea also plotted. It will bo noted that the cold side

temperature drop is very close to ideal performance. while the

hot side increase is far from that expected. Graham explains
this phenome-non'as. he effect of a resisting torque such as bear-

ing friction. Eniergy which uould nor'ma.lly have been tran ferred

- -to the hot output is instead used to overcome the resisating forces.

Rough calculations, however, show that this torque must exceed one
foot-pound to'result in the efticioncy loss shown on the graph.

Ianufa•cturer's upeifications "uggest that bearing friction will

produce torques less than one-tenth that amount. Furthermore,

torquvo of that 'magnitude wouild bring the rotor fram.25,000 R1U4 to

•emt i1, a few seconds, a procesa which in actuality iaay

take several minutes.., Thus. factors other than rotor torque

must also affect the porformnance of the deavice. These

38I
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-may include leakage, heat loss to the collectors, and changes

in nozzle efficiencies. At higher rotor speeds especially, the

rnozzle discharge coefficients may have a significant effect on

the cold fraction normally determined in internal separation

devices by the hot/cold nozzle arza ratio.

It is interesting to note (Fig. 17) that for most data points,

the rotor speed achieved was equal to the theoretical performance.6

Fnrthermore, there isno consistent indication of a back loading

effect on rotational speed or on energy'separation at a given

pressure ratio when the back pressures at both outlet vents are
)D

the same. Prerotation, however, does affect rotor speed at a

given area and pressure ratio.

Positive prerotation to the cold side definitely enhances

perfoimance,despite a reduction in rotor speed. The reduction

in speed is, however, desirable in itself if no loss of performance

results. Unlike these dramatic effects, back pressure results

in no change to either rotational speed or energy transfer at a

given pressure ratio. For a given inlet pressure, however,

pressure ratio and, therefore, performance are reduced as back

pressure increases. The performance at the two area ratios in

comparison to theory is shown in Figure 18.

-'40-
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CONCLUSIONS

5 This report has discussed an extensive series of tests

conducted to investigate the internal version of the Foa Energy
VSeparator. From the results that were obtained, a number of

conclusions may be drawn.

1. The ability of an internal separator to operate as an
air.conditioning device is accurately predicted by Foa's

- and Graham's theoretical analyses over the range of
pressure and area ratios tested. In particular, .a
decrease in area ratio from 0.577 to 0.289 -esults in
increased cold side temperatkirs drop and rotor velocity
at all pressur-e ratios tested.

2. Operation as a heating device is markedly affected by
the operating characteristics of the model such as
bearing friction, nozzle geometry, and collector con-
struction. The greatest disparity between theoretical
and actual performance is shown in hot side operationj
however, in this area lie the greatest possibilities for
L improved operation of internal separation devices,

3. Energy separator performance can be considerably enhanced
through the proper use of prerotation. In particular,
inducing an angular velocity in the direction of the
cold side rotation can increase energy separation at
any of the pressure or area ratios tested.

4. The effect of raising the pressure at both outlets
U(i.e., back loading the device) is to reduce energy
separation-at a given inlet pressure. Energy separation

, at a given pressure ratio is-the same, however, at any
5. . outlet pressure.

'2T
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I

I The present work is a significant first step toward the

development of alternate means of providing conditioned air for

various aircraft applications. Tests have shown that the energy

vi separator concept is feasible at the flow rates required in

[ modern military jets, with cooling capacities limited only by

t ¶ the material properties of the rotor under high speed operation.

t It is therefore recommended that the energy separator developmentr• be continued in a phased program to include:

1 1. A continuation of the variable geometry internal energy
separator test program to evaluate the effects of other
prerotation configurations, collector designs, nozzle
efficiencies, and unequal back pressures;

2. The design and fabrication of external .energy separator
models for use in a parametric test program similar to

:. the internal energy separator program7

3. An external.energy separator test program. Once completed,
the results of this program would be ,ý,vparad to the
results of the internal energy seprrato.r test program to
determine which device offers the most-promise for future
implementation. This evaluation would consider not
only performance, but device construction and com•patibility
with particular applicationss

4. The design, fabrication, and testing of an energy separator.
for pariculr apliction such as aircraft enviromna

control or cooling of an onboard oxygen goneration system.
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LEGEND OF SYMBOLS FOR APPvNDIX I

S I t= Revolutions of energy separator rotor per minute.

Ak .- Hot side output temperature rise above inlet
I temperature.

AX = Cold side output temperature drop below inlet
temperature.

= Inlet temperature.

=Velocity ofanozze discharge f .Ws, assuming an

isentropic expansion from inlet to collector
".......... chamber conditions.

N! Velocity of zotor at the periphery.
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..........



-> ~ PP21D1X li

COLUZIA RtSI3ARCH CORPORATION

TEST P'ACIT>Ifl

I.+;; : .. & .

*. -.. -, .,

- g -- ,c..: -- - .;



in-order to provide -a facility to test the energy separator .S developed under this program, Columbia Research Corporation (CRC)

-has installed. sources of both: ot'and ambient temperature pressurized

[ air (Fig 19). In addition, systems for the delivery, regulation,

and measurement of the air have also been set up. NAVAIR supplied

the two primary air sources; a 500 psig compressor and storage

tank assembly (Fig. 20); and a small gas turbine WFig. 11). Since

both of these devices were originally built to provide air for

starting jet aircraft engines, they have been modified for use as

laboratory equipment.

Air Compressor System

The c~mpressor and storage tank unit assembled by Wells

Industries provides air at near ambient temperature and up to

500 psig through a 2-inch line to a manifoJld which currently has

three outlets, two of which are regulated. Representative flow

rates through the regulators are given in Table 8. The third

outlet is at tank pressure and its flow is limited only by the

size oi the delivery line.

The compressor is a Chicago Pneumatic Model No. PB-43 which

handles 8.8 lb/min of air in three stages. Air-to-air radiator

cooling is provided after each stage, and the cylinders (four),

all on a common crankshaft, are air cooled. (Complete specifica-

tions are given in Table 9). It is driven by a 50hp electric

motor (440V, 3-phase, 60-cycle) via a belt system designed to

permit optimum speeds for both the compressor and motor. Three

cylindrical storage tanks with a combined capacity of 335 cubic

feet (890 lbs., of air at 500 psig) are fed through a 2-inch

4 diameter line. An automatic control activates the system when the

,
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IN STANDARD CUBIC PEET OF AIR PER M4INUTE.

Output Pressure Receiver Pressure PSIG
PSIG... . .. . .. ..

500 S 400 300 200 100

50s 916 075 338 200 95

75 1000 588 412 238 112

100 675 488 338 212 X

125 738 700 388 238 X

WO150 781 575 400 225 X

200 700 550 412 x X

......... 250" 775 O588 375 X X

300 600 438 X X X

400'_____ 612 x X x

500 X X X Xt
- _ _... _ __- _ _ _ _ _ _l , lJ ,tl ._ _J , _ _ _. ._ _ _ _ _ - •- .

TABLr-E ., FLOW wATES AVAIIAB3LE RO4 RE-GULATOR P-I.
IN STAmNmmI CUBIC LmE.T OF AIR P�R MINUTE.

PSI I 1I_ __ _ _ _

Output Prossuro _Leceiver Pressure PSIG

~~50040

-____ 30020lo
. 412 " 325 25144 _ o_88_,- .

100 I 412 j 325 --...x...

200 412 319 237 X __""

.... _ lK._



TBE 9. COP~SSW SPEiCIFICaTMIMb

Number of Stages 3

Number of Compressor Cylinders 4
Diameter of Cylinder Bores 8 3/4m-4 3/4 -2 1/4 -2 1/4 inches

4 Stroke, Inches 5

r Capacity - Compressor Crankcase Oil - Gallons 5
I Inlet Pressure, Lb. per Sq. inch Gauge. 0

Discharge Pressureo Lb. por Sq. Inch 500

*Pie Size (Inlet inches) 3½

Compressor (Discharge Inches) .1

Compressor Speed,. r.,p.om.• 910

M, Ccipresoor Displaemewnt, o.Efm. 144
.compessor Delivery, c... o 110

E .Powe Reqi.-redat Belt Wlheel, at 500 PS.G
Appro=mate, . ,. ' 484Belt Wheel1 Pitch, IDiaaeteir,, inches 23 1/8

Number an Size. of Belt Gcooves 16L

:.Weight'of Co, reslor -3300t Overall Dimensions (Lengjth)ý
(Width)3'
(aoight) 53

-.. -. . -.



tank pressure falls below 450 psi, or a manual override can be
used to control beth "the on-off and compressor loadbig functions.

SVenting of the water-oil separator system is also automatic, but

CRC has installed an additional manual override.

The laboratory contLlning the regulator manifold

is equipped with a variety of temperature, pressure, and flow

rate measuring equipment. These include a direct reading thermo-
couple thermometer, 1/2-inch and 1-inch diameter primary flow

sensing elements, and a number of cotometers, gauges, and mano-
S meters. Pipe, tubing, and flexible hoses varying in diameter

from 1/8" to.2" are available to deliver air to devices being

tested.

r Ga -Turbine

Teo Airesearch Corporation gas turbine and related equipmtnt

I are housed in a shed. The turbine delivers up to

155 .Ths/idn of air at 75 psig and 5400F from its final acopressor
stage to a manifold located along the outer wall of the shed.
(Complete specifications are given in Tablo 10.) %5Vo 1-inch

diameter ducts return the air to the shed for experimental use,

and a third duct providos air for use outside the shed. The flow
rate-through each of the ducts is independently controllable from,

maximum of 70 hbt/min by 1v terfly valves. Th e
positioned eloctrically from a control panel (Fig. 22) within

•the shed. Thie control panel also monitors turbine operations

including RPM, oil pressure, and electric current and voltage.

An instrumentation section (Fig. 23) has been constructed

to monitor air flowing through the supply ducts. It contains
n intruments to measure hot gas temperature., and static and stagnation4i srmnst o

-Jo
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